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FOREWORD

The evaporative cuooling tests reperted herein were conducted by the
General American Research Division {GARU, of' udeneral American Transportaticn
Corporation, Niles, Illinois under Stanford Research Institute (SRL) Cuntract
No. B6L220(hOLhoA-1A)-US, OCu Work Unit 1Z1WA. Mr. C. A. Grubb of SRI served
as project monitor.

The primary objective of this test orogram iLs to delermine the perform-
ance of aspen wood excelsior when used as the evaporative medium in an evapoer-
ative cooler. This performance data can then be used in the design of evaporative
coolers for fallout shelters or any other applicalion.

The authors wish to acknowledge the assistlance provided during the
planning stages cf the project by Mr, Robert Ash of the lInternational Metal

Products Division of McGraw-Edison Company.

K Mamaic canddaie

(o, £l




ABSTRACT

Evaprrative coolerc are cevices which have potential applivation in shelter
ventilatio: and cooling equipment systems analysis., Reported herein .re the
results ¢ 1ue laboratory Lests conducted to determine the saturating ({tective-
ness and air {'low resistance of aspen wood excelsior when used as tLhe water
evaporating medium in a drip-type evaporative air vovler. The tests were con-
ducted with a cell arca of four square feet, cell thicknesses of two and four
inches, mediwm density of 1.% ana 3.0 pounds per cubic foot of c¢ell volume, face
velocities ranging from LO0 to 500 feet per minute, water flow vates i{1om V.3
to 0.62 pallon per miaute per cubic foot of medium, and inlel air conditions of
8BO°TF dry-bulb temperature (DBT) and 70°F wet-bulb temperature (WBT), 99°F DBT
and 76°F WBT, and 9U°DBT and 7&°WBT.

The saturating effectiveness for the ¢-inch thick pad with a denrity of
1.5 pounds per cublc foot of cell velume de ceased stesdily from 92 percent at
100 feet per minute face velocity to 73 percent at 50v teet pei minute. Doubling
the thickness resulted in a satucating effectiveness that was almost independent
of the face velocity and constant at 97 percent, while doubling the medium mass
dencity gave a saturating effectiveness that varied {rom 97 percent at 100 feet
per minute to 91 percent at 500 feet per minute. To oblain these saturating
effectivenesses, the quantity of water recirculated in the drip-type cooler
must exceed f'ive times the amount evaporated into the air.

The air t'low resistance of the 2-inch thick pad rangec from .17 inch
of water at 150 reet per minule Lo 0.09 inch of waler atl . leet per minute.
Doubling the thickness of the pad resulted in an air rUiow resistance which
was twice that of the “<inch pad, while doubling the censity increased the

air flow resistance by more than three times thal of the S-inei [ TE
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Ventiiation ana oocilne aevices can be wsdd advantagecusiy in protective

PLerry tawever, tta Lo ction Umeln g0 for re ecting waste ererpe, from

shellers, ant e apa- ity 0 tne eqelpment rogulred depend spen (et 4] tne

followior parameLoeri:

-

1. Lype <F sheiter (existing tulldings, special ciructures, havdencd

3

BULITLuren)
Z. shelter claracteristics (slae, intericr partitions, apertures)
3.  locatlon (weatter)
L, occupancy feasilage
5. allowable hecat stress
G, avallabic reat sinke
T, avallabilivy U power
S avaliabie equipment

Q. cost of Lhe equlument.

Evaporative coolers are sevices that have potentlal eppllesticn dn shelter

ventilation ana cccilny equipment systems anaiysis, Commerciaily avaliable
evapcralive coclers arce the arip-lype, spray-typs, and the rotary pai-type

(see Fig., 1). The aripetype ovap. rative oooier 1o the mest edmnch, ani the

paas

are usually maie of aspeon wooa excelslor.  Accoriing to uhe [nternaticnal Metal

Products Pivisien ot Uie Medraw-EBadson Company {(Ref. ), the commercial uni
are deslgnea and markcetea with, J-dnch Lnick aspen oo pas wiiel rave a
density of <03 pound per oquare Yoot The alr system le neminaily rates at

.

a pai face velocity o F soc tect por mlnute ane a water recivesiatd oo rate t

times Lhav belyp evap 'a , Lhus resuitinge in oa caturavline el toectiveneo:s o
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prresnt. It rogistanes to air f'low tor these units is a nominal 0.1 inch water
Hag: .

'ty spray=-type cooler uses metal or glass fibers as the evaporative medium.
e Laturating ett'ectiveness and pressure drop {or some of these media, némely;i
herringbore-erimped aluminum ribbons, crimped brass wire mesh, nylon fibers,
long curicd pyrex glass fivers, "Dynel" fibers, and straight glass fibers have
been reported (Ref'. 3) and are shown in Table I. As can be seen, the saturating
etl'ectiveness for 2-inch thick "Dynel" or straight glass fiber pads is greater
than 90 percent for face velocities up to 500 feet per minute. Of these, straight
glass tibers ofter the least resistance to air flow, namely, 0.7 inch water gage
at 500 teet per minute. This type of cooler can be designed with a "slinger"
in lieu of' the nozzle. . The saturating effectiveness of the spray-type unit with
a "slinger" is roughly 60 to 65 percent because of the non-uniformity of water
distribution.

In the rotary-type evaporative cooler, the disk-like pad, which is made
of' alternate layers of crimped and flat copper or bronze screen, is thoroughly
saturated as it rotates through the water. The saturating effectiveness of
this device is around 80 to 85 percent; however, maintaining this efficiency
is difficult because scaling caused by the use of hard water plugs the mesh
screen used for the pads.

Drip-type evaporative coolers are the simplest of the three types to
put into operation and use aspen wood as an evaporative medium. Since little
performance date is available for aspen wood excelsior, this investigation
was initiated because it appeared that the resistance to air flow by aspen
wood is considerably less than that for any other medium. In addition, aspen
wood excelsior is the least expensive medium available for use in evaporative

coolers.
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TABLE I

PERFORMANCE CHARACTERISTICS OF WET CELL AIR HUMIDIFIERS

PACKIN; SURFACE

CURVK KO, CELL DESCRIPTIN THICKNESS (In.) {oq fries )
1 2 155
2 Crizped Metal | Packed with herringbone-crimped L 55
Ribten alualaws ribtbons 0.909 {n. thick,
12 In. long
3 L 15%
h Cricped Metal | Multipls layers of herringbone-crtaped “ 122
¥esh brass wire zeah woven ficm 2,01 in.
dan wirce and taving 19 openings rer
in.
5 Stralght Glass 1-8 Ln. long gless fiters, 135 micrin 2 Fa
. Flbers diam. randon.-packed An plancs paral.el
to cell face
6 Crieped Hylon | 4 ln. long crioped nylon flbers, W 1.7% [
Fibers micron diem, rancom-packed in planes
yarallel to cell face -
T 6 Derier Bonded fiber pack contatning .95 1b H Bl
Dynel Flbers of 25 micron diam flbers per cu ft
of cell volume (63% Cibars and 27
tonding agent by wt) - ——
L 8 2h Dentex Bonded flber pack containirg .4 1b of 2 et
3 bymes Flbera 48 r-cron dlan flbers par cu Ct of cell]
3 volume (€34 flbers and 27% bonding
. sgent by vi)
3 9 Curly ese 1-2 in. long curled pycex glaes fiters 2 108
" Fivers 37 cieron dias,
3
NOTE: usirg 2-1/L" x 3/32" ilollow Coune Forzles, Water Rate s CO.¢ gre/aq £t cell face area
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SECTION 2

THECRY OF EVAPORATIVE CCOLING

Evaporative cooling is a process during which air is bcth cooled and
humidified by bringing it into contact with water. The combined process of
heat and mass transfer that occurs as the air passes over a water film (see

Figure 2) can be expressed quantitatively

Wetting :
Moist Air Medium :
Ga ——
t0 A Moist
Wo D s oot == Air :
om ?

-—-—-
l by, W — I\-—-Water Film
® @
Figure 2 HEAT AND MASS TRANSFER BETWEEN AIR AND WATER

for the differential area, dA, as

dg, = h dA(t_ - to) (1)
and dm, = Kk dA (w_ - wc) (2)
where :

dq_, = rate of sensible heat transferred, Btu/hr

s
h, = convection heat irarsfer ccefficient, Biu/hr-sq ft - °F
dm, = rate of moisture transferred, 1t/hr
k = diffusion constant, 1b water/(lb water per lb dry air)-sq ft-hr
G, = mass flow rate of moist air, 1lb/hr
dA = differential area of cornbact tetween alr ard water, sq ft
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temperature of the water film, °F

t =  dry-bulb temperature of air, °F

W =  humidity ratio of saturated air at the temperature
of the water film, 1lb water/lb dry air

W = humidity ratio of air, 1lb water/lb dry air

c =  specific heat of moist air at constan’. pressure, Btu/lb-°F.

For an sdiabatic process, the sensible heat transferred is equal to the
corresponding change in dry-bulb temperature of the air; therefore,

dag = Gy 9%, (3)

Since all of the water evaporated goes entirely to raise the humidity
ratio of the alr, then

dmg = G, dW (4)

Rewriting Bquations 1, 2, 3 and L, the following expressions result:

h, dA (ts ) to) = Uy Con at, (5)
k dA (wS - wo) = G dW (6)

Integrating Equations 5 and 6 over area A, between points 1 and 2,

(see Figure 2), and holding h_, k, t_, and W_ coustant yields
“ o D

A t
h 2 dt(‘
dA = —
Ca pm ts-to
o)
tl
or
h A t -t
¢ S 2 .
5 = - 1n T (1)
a “pm s 1

GENERAL AMERICAN RESEARCH QIVISION
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Either equation 7 or 8 may be used to define the saturating effectiveness.
Since temperatures are more easily measured experimentally than humidity
ratios, equation 7 is preferred and can be rewritten as

E—-:_?I = exp (—hCA/Gacpm) (9)
and the terms rearranged to give:

by - by
t -t

= 1 - exp (-hCA/Gacpm) (10)

Since the mass flow rate of air, Ga’ can be expressed in volumetric terms as

6, = 600AV (1)

equation 10 can be rewritten as
b - % .

E = T—Es_ = 1 - exp (-hcA/b0pAchpm) (12)
where!

6, = mass flow rate of moist air, 1lb/hr

;} = density of inlet air, lb/cu ft

Ap = tface areca of the pad, sgq ft

v = rface veleocity of the air entering the pad, ft/hr

tl = inlet air Jdry-bulb temperature, °F

te = outlet air dry-bulb temperature, °F

ts = temperature of the water rilm, °F,

GENFRAL A/ IHICAN QESt ARCH (RIS ary
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The ratdio of temperatures in eguation 12 18 defined as the saturating eifective-
ness, E, of an adiabatlc saturator.

The adiabatic saturating process is one during which the total energy of
the air remains constant, and therefore can be represented on the psychrometric
chart by a constant enthalpy line. However, due to the small amownt of energy
which is added to the air stream by the liquld evaporated, the process is usually
represented by a constant wet-bulb temperature line (see Figure 3), In reality,
evaporative coolers are not adiabatic devices due to the heat exchange thrcugh
the cooler cabinet, the energy added to the water by the recirculating pump, and
the temperature of the make-up water; hence, the wet-bulb temperature of the air
does not remain constant. Process 1-2' as shown in Figure 3 represents & non-
adiabatic device in which energy is rejected from the system, and process line 1-2"
is for a system to which energy is added. The saturating effectiveness tor an

actual evaporative cooler is defined as (Reference 3)

. b - twé]

T tle (13)
where:

Euct = saturating effectiveness, dimensionless

t, = dry-bulb temperature of outlet sir, °F

t) = dry-bulb temperature of inlet air, °F

tw2 = wet-bulb temperature of outlet air, °F

t,) = Wet-bulb temperature of inlet air, °F,
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(o]




- WO e IS (W) ASTID

SENTI SSEO0YS UTTO0O0 FATIVEOIVAL TYOIdAI € 3P

L

&
oLt d o Lo

%
74.:

¥

W g

o,
q
I

Nos ~

3

wOI; PILOfII LUIF

AN

...7..\:<

H
)
:

32
]

&

AN QNN Wi

3
!

-

3

oy

M1
i
1al

-4

ilitgily il odrobsilisiliopliiilitisfndind kit g

N
;::'1 4

//,; ] m:
7

1A Y 1
au

3 Jafavelenls ¢ 117 80 4106 LIm
o 3 o

I35 " L
% 0 WA TJ_
«\V R ad il | 4 e
4 LSS Loe -
: d
TR
"e
L4
-
-

Tt T INIOND SWLOLCNCDEY ANY CRLVIIALIIN DAYk SO ALHODE Y XEIRY
€W Ivnmi0d
AR SO $I0M LCE WAL JULINON
WUV T0u
T "ON L8YHO JIULINONHOASE IVUHSY

P e — |

S1QIMnN

w oI

B 20 QWROJ V12 JNAISIOR SONEN
GGENEAAL AMERICAN ARSEARNCH MiIvIBION




L adi

T — T 2

T e

I i

N

L4 glenb

The test apparatus as described In the following section was designed so
that the face velocity, inlel air dry and wel-bulb temperatures, water flow through
the evaporating pads, the pad thickness, and the pad densily could be varied
independently from each other. These conirollable (lndependent) variablee

affect the parameters (dependent vsriables) in equation 12 as shown in Table 1I.

TABLE II

SUMMARY OF TEST VARIABLES AFFECTING
SATURATION EFFECTIVENESS

Controllable Test Value Dependent Variable
Inlet Air Conditions /9 and cpm
7 Air Flow Rate \'s
Water Flow Rate hC and A
Pad Thickness and Density h, and A

GENCRAL AMERICAN AERCARACH DIVIGION
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SECTION 3

TEST APPARATUS AND PROCEDURES

The apparatus consisted of & Lesl vehicle, a 30-foot air flov measuring

station, and a test chamber as shown in Figures 4 and 5, With this arrange-

ment, the face velocity through the cvaporating pads, the inlet air dry and

wet-bulb temperatures, the density and thickness of the pads, and the water

flow to the pads could Le controlled and varied, D

2,1 Test Vehicle P

The air supply for the test chamber was obtalned from the Office of Civil

3
%
Defense (OCD) Test Vehicle Mo, 1 (Flgure t, References 4 and 5 ). The Trst %
Vehicle is capable of supplying up to 8,600 cfm of sir at a predetermined dew %
peint temperature and & Jdrv-bulb temperature, Dehumidification is accomplished |
by a 20-ton water chiller, and humidification and reheat are both achieved by : 3
& hot water boiler that has & gross output of £00,000 Btu per howr. After the
dew point temperaturc is obtained, the dry-bulb temperature is controlled by %

reheating the supply air as ii passes Lhrough a hot water coil, The air {low
is manually controlled by edjusting the fan speed, the fan inlet vanes and the

air by-pass ports. The Test Vehicle was connected Lo the air low measurine
Y- g

station by a 2h-inch diameter, flexible, wirc-reinforced cloih duct,

Ziaza i,

3.2 Air Floew Measuring Station :

The design of' the air flow measuring station was based on recommendations
o1' the National Electrical Manu.acturers Association (Reference © ), and was

fabricated with rigid 12-inch diameler spiral conduil duct, Alr flcwv rates

were measwred with an 8-inch dianeter aperture, sharp-edge, orifice plate

across which :he differential static pressurc was measured with a manomecter

Lo TR A A NIRRT AN BRESTE AR {Tu sieiing
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conmected Lo plezometer rings ws siwown tn Flgre 5, The riflce platle was
callbroated with a pitot tube whlel was located four feetl upsiream trom the
orifiice, The barometric pressure and dry and wet-bulb Lomperatures were
secorded belore each test LO provide ULr correction of Lie alr viow (o
standard alr (.20 pound per cubic foot!l.
3.3 Tesl Chanter

The {esl chamber (sce Figure 7) measurcd o feel by I leet by 2 leel and
was constructed of 3/h-luch plywood W ninimize heat exchange with the surround-
Ings. The chamber housed the water distribution system; pads, and temperaturc
measuring equipment. Alr entercd the chamber thirough a le-inch diameter duct.
To ensure that tlie tace velocity entering the pad was unltform, the air was
pessed through e rine mesh screen. The varlation in face velecliity entering
the pad did not cxeceed + 1% percent,

3.3.1 Water Iistribution System

Water was dlstributled over the paus trom Lice suppsy pan which had five
rows ol 12 holeg that were of §/lo<ineh dlameter and spaced on 2-inch centers.
A visugl inspection indicated that the entire pad was wetted with this e range-
ment.  The water that was not cvaporated as it passed tirough the pads war
coilected In a sump telow Lhe pads where a punp reclreaiated Lhie water Lhrough
a filter and back to the supply pai,  Make-up watcer at room Lomperaturce replaced
the water which was cvaporated. The rale of water flow over the pads was
controlled by an adjustebic !lout valve that maintalned a constant waler level
in the supply pan. When tie level of water in tie pan was constani, the reading
indicated on the {lowmeter cqualled Lhe amount o waler !lowing over Lhye pads.
ihis arrangement ailowcd very gecurate coniral o the water rIow in oa range {rom

2% o 2. polons por minute, The amount of water ovaporatles Or make-up water
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Figure 7 EXTERIOR VIEW OF TEST CHAMBER
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required is casily determined for any iniet air condition once the air flow rate
and saturating effectiveness are known.

3.3.2 Pad Construction

Aspen wood excelsior was used to fubricate 2-inch thick pads that had a face
area. of four square feet and a density of 1.5 and 3.0 pounds per cubic foot of cell
volume. A cloth netting and metal screen (see Figure 8) were placed around the
excelsior to prevent wood fibers from falling into the sump par and to give the pad
rigidity against the force of the air blowing through it. The test chamber was
constructed so that pads could be placed in series to simulate pad thicknesses of
two and four inches. The excelsior was packed on a light table so that good

uniformness of density was achieved.

Figure 8 TWO-18CH 'THICK ASPEN WOOD EVAPORATING PAL
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3.3.3 Temperature Measuremcnt

Inlet and outlet air temperatures were measured vith aspirating psychrom-
eters (Sargent Model §-L2110) which were equipped with resistance thermometers
(Mineco No. 1119). COne psychrometer was placed upstream of the pad to measure
the dry and wet-bulb temperature ot the incoming air, and two psychrometers were
located at the outlet of the tost chamber to measure Lhie conditions ol the air
leaving the pad, 1Iw additicn, resistance thermometers were loc -ed in the supply
pan and sump pan to measurc the temperature of the water cuatering and leaving the

pad.
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SECTION &

RESULTS AND DISCUSSION

.1 Saturating Effectivencss

Hine series of tests were conductcd to determine the etfect of varying
face velocities, water supply rates, inlet air conditions, pad thicknesses !

and pad densities on the saturating effectiveness of aspen wood excelsior.

The test conditions are summarized in Table III. :
TABLE IIT
SUMMARY OF 1TESTS !
Test Inlot Adr Water Flow Rate, { Pad Density,
Sories " N Pad Thickness, [ gq)/minfou ft of | lbs/cu It of|  Purpose of Test
Ko. | *DBT,°F | WBT,°F inches cell volume cell volume :
1 80 70 2 0.u8 1.5 Detormine effact of
: inlet air temperaturos
2 95 76 2 0.48 L5 on performance '
3 90 78 2 0. h8 1.5
b 90 78 2 0.23 1.9 Determine effect cf
wAater flov rate on
5 90 L 2 0.37 1.5 performance
6 90 78 2 0.62 1.5
7 9 78 h 0,23 1.5 Determine effect of
. N doubling the paa
8 20 7 b 0.37 1.5 thickness
9 90 78 2 0.37 3.0 Determine effect of
doubling the pad
deneity

#Dry Pulb Temperature
*Wet Bulb Temperature
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hl.1 Saturating Bffectiveness for Various Inlet Conditions

The parameters appearing ln equation 12 that are att'ected by the inlet air

i ! conditions are the air density,/} , and the specific heal of moist air, cpm' Air
L | density, however, varies little over the temperature range encountered in air
cooling work, and therefore it can be considered as a constant. The value of /)

used most often for engineering calculations is that of standard air, ©.075 1lb/cu.ft.

The specific heat of moist air, cpm, is definad by the equation

= 3 ]
®om 0.24 + 045 W (14)

wvhere W is the humidity ravio expressed in units of lb water/lb dry air.

Although the humidity ratio varies considerably (0.010 to 0.020 1lb water/

1b dry air) for the temperature range of concern, the product O.45 W is small
(2 to 4 percent) compared to 0.24k. The specific heat of moist air, therefore,

can also be considered a constant -- the usual accepted value of cpm being

Lk s dit yrialtic bl o

0.245 Btu/lb - °F,
. Since /J and cpm are the only variables in equation 12 affected by the inlet

air conditions, and since they can be considered constant over the temperature

range encountered, the gssumption is thus made that the saturating effectiGeness,

E E, is independent of the inlet air conditions. Test Series No. 1, 2 and 3 were

E run to determine the validity of this assumption. These tests were performed

g with 2-inch thick pads, 1.5 pounds of aspen wood per cubic foot of cell volume,

g 0.48 gpm of water per cubic oot of aspen wood, face velocities ranging from 10O
g to 600 feet per minute (fpm), and inlet conditions as scheduled, The results of
% these tests are shown in Figure 9, where a linear least squares regression line

é was fitted to the data. The heavy vertical lines which extend through each data

point represent the possible variance of E due to experimental inaccuracy

(see Section k.3}, Even though enother correlation of the data might be tound,

20

L B ¥ T N N A S I N S TR L AN 2 TN A R VAR AL 6 L7}

T

TR M TR R T

S Al




LTI TITYIYYA ¥0d avd HONT

SNOIIIQNOD OTHIFWONEOLSS
~OML ¥V J0 SOIISI¥EIOVIVID FONVIOSTIZ 6 sanf1g

009 0
lmiqlm i _ } ot M . om
{ 1
i ?
~ 1
g 394 o) % qrmg L [s)
U 8% 9/ 3 qpvg i v
g 30M  0/ % qung A o) I
! t - ~~ M 09
i1
T Fﬁl

1047 TRrusutIaday oy ang

$82URATI083IT FuUTjelngeg

g —f -

JO 8dUBTIEN 7QTSSOQ

.
L=
r~

(1]

SSIVOTPUT SUTT T8O T3I54

N

L o O 1

i

-

S e

-4

()
[+ ]

T

ﬂ
T

!

[

!

i

}

!

g

}
i
}
!

T T T T 1T

LR

€ mum Aw ‘T

3% Tn2/wdR gy-o
“37 ‘no/sqy g-T

N

oMl S3TI98 qsag ]

918y MO Ia9BN

A

INIIWES - SSANBAYLOZATS ONIIVIALYS

£275U5q peg
i3 vbs g B3Iy 3084 peg I 7
‘ur 2 SSaWNOTYY, pey ; 7 H 06
poos madsy TRTISIBN peg 1 ! .
SHOTIIANOD IFINT SOOTHVA o, ! T !
804 SSANINTIOAILA DNTIVERLVS L L1 RN RS o
lrr_.._H::.:...h:_4W3._lﬁk: “.“ :. .: m _MQS

-l

Al RicAaNn o SEARCH CHvin.an

LN Y A S I




fyTeyTmeT
[ — ——

p
P
3
3
b
i
E
i

g
5

the fact is illustrated in Figure 9 that the data can be fitted wlth a single
correletion and hence the experimental results substantiate the assumplion that
the saturating effectiveness can be considered to be independent of the inlet
air conditions for the temperature range of concern. All remaining tests were
run with an inlet alr condition of 90°F dry=bulb and 7o°F wet-bLulb temperatures,

L.1.2 Saturating Effectiveness for Various Water Flow kates

Test Serles No. L, 5 and 0 were performed i1 addition to Test Series
No. 1, 2 and 3 to determine the effect of the water supply rate on the satur-
ating effectiveness, The water supply rates were varied r'rom .23 to v.c2 gallon
per minute per cubic foot of aspen wood, and the results are presented in Figure 10.
The curve, which was fitted with a least squares regression line, suggests that
the saturating effectiveness 1s independent of the water supply rate, since the
data can again be Titted with a single correlation and indced,the least squares
regression line is almost identical to that which resulted in Section L.1.1.

Since the minimum water rate recirculated over the pad was .23 gallon per
minute per cubic foot of aspen wood, or five times the quantity being evaporated,
it is cautioned that the results reportcd heveln not be extrapolated to lower

water rates. It 15 recommended that the pump selected should be capable of

recirculgting water at five times the evaporation rate. For a Z-inch thick
aspen wood pad and a water rate approximatcely Cive times thet being evaporated,
the saturating effectiveness is 92 and 73 percent at lace velocities ol 10U and
500 f'pm, respectively.

4,1.3 Saturating Eftectiveness for an I[ncreased Pad Thickness

As the thickness o1 the pad is increased, the total effective wetted area
of contact between the air and water is increased. Test Series 7 and & werc con-

ducted to determine thie e¢ffect of doubling the pad thickness. The pad density for

o
na
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these tests was 1.5 pounds per cubic foot, and %he water tlow rates were v.23
and 0.37 gallon per minute per cubic toot. As can be seen trom Figure 11, the
saturating effectiveness is increased considerably and is less dependent upon
the face velocity than the 2-inch thick pad. At face velocities of 100 fpm

and 450 fpm, the saturating effectivenesses are approximately 97 and 94 percent,
respectively.

L.1.4 Saturating Effectiveness for an Increased Pad Density

For a 2-inch thick ped with a water flow rate of 0.37 gpm per cubic foot,
the effect of increasing the pad density from 1.5 to 3.0 pounds per cubic foot
resulted in an increase of the saturating effectiveness from 73 tc 92 percent
at a face velocity of 450 fpm {see Figure 12). The increased saturating effec-
tiveness is primarily a result of the increased total effective wetted area of
contact between the aspen wood and the air.

4.2 Air Flow Resistance

During each test, the pressure drop of the pads was measured and the
results are presented in Figure 1s. All pads during these tests were wet.
As the pad thickness, the water flow rate through the pads, the pad density
and the face velocity are increased, the resistance to air flow is increased.
For a 2-inch thick pad, the air flow resistance is increased from 0.017 inch
of water (iwg) at 150 fpm to 0.108 iwg at LS50 fpm for water flow rates ranging
from 0.23 to 0.37 gpm per cubic foct of media. When doubling the density of

the pad, the pressure drop at 300 fpm is i1ncreased from 0.058 iwg to 0.211 iwg.
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Although the saturating effectiveness is increased considerably by doubling the
mass density of the pad, approximately the same effectiveness {see TFigure 1lh, p.30)
can be obtained with & b-inch thick pad at a reduced pressure drop of 0.116 iwg.

4.3 Brror Analysis

The following error analysis is made in order to evaluate the accuracy of
the =aturating effectiveness as determined by equation 13, page 5.

Given a function of n number of variables, the relative error in P,

Q%El , is defined as

d(P) 1 (bP) OP OP

2L = = =) d(X.) + (=) alX)) + eevns + (== ) a(x) (18)

P P le 1 QX 2 oX, n J
where:

¢(P) = absolute error in the property, P

d(Xl) = absolute error in the variable, Xl’ due to experimental

measurement
OP s _
?;i— = absolute error contribution to the property, P, due to
1

the variable, Xl, with &1l other variables held tixed,

Applying the above discussion to equation 13, the relative error in

determining the saturating cffectivencss is:
X
d(E) 1 2 .. 1
= =| = aXx,) - = d(X)] (16)

E B Xl L Xl 2 |
where:?

Xl = DBl - WBl = inlet temperature depression

X2 = D32 - WB2 = outlet temperature depression.

Subs*tituting for E in equation 13, the appropria*te relation ir terms of Xl and

X

oL the relaltive crrur thnen beccomes

o<

dB -l |2 ) - a(xy) o,

=

—
re
—

B U AR S B e IR
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The dry-bulb and wet-bulb temperatures were measured to the nearest half-
degree, thus d(DB) = d(WB) = + 1/h°F or d(Xl) = d(Xz) = 4 1/2°F. Ducing each
test, the following relablionships held:

10 X £ 16

1/h <X 2

1A

2
Four combinations of Xl and X2 can be used to calrulate the relative error
using equatlion 17. The combinelion of X, = 10 and X, = 1/4, however, gives the

meximum possible reluative error, which is

a(r)

< +['.05]
g S X003

a(E) < #[0.053 1]
or the maximum pnssible relative error for any individual test is less than
or equal to + 9.3 percent of “he experimentally determined saturating effective-
ness.

4.4 Conclusions and Appiication

The saturating ei'fectiveness and pad pressure drop for the tests conducted
are summarized in TFigure 14. Both doubling the thickness and doubling the
density of a 2-inch thick pad with & density of 1.9 pounds of aspen wood per
cubic foot of cell volume(lbs/cu ft) resulted in a large increase in the
saturating effectiveness. Doubling the density, however, resulted in a pad
pressure drop that was more than three times that of a 2-inch,1.5 lbs/cu 't
density pad, while doubling the thickness resulted in a pressure drop which

was only twice that of the z-inch pad. Since tne pressure drop of the 2-inch,

O]l:/?: ™ dencity pad is excessive, it is recommended that the use of the

-
N

: . . . . s . . N e o
data be restricted to cither a 2« or u-inch pad with a density of 1., ibsjcu %,
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The design of a drip-type unit should be limited to face velocities up to 450
fecet per minute, since above this face velocity, waler carry-over occurs.
The inlet air dry and wet-bulb temperature does not significantly aff'ect the
saturating effoctiveness; however, th- quantity of water which is eveporatved
is a function of the inlet air temperaturs. The quantity of water recirculated
through the Jdrip-type cuuvler must exceed {ive {imes the quantity being evapor~
ated 1f the saturating effectivenesses shown in Figure 1k are to be achieved.
Before a decision can te made as toc the merits of drip-type evgporative
coolers for disposing ~f excess heat and humidity in protective shelters; a
parametric and ejuipment systems analysis should not only evaluate the appli-
cation of ventilators, refrigerating devices and drip-type evaporative coolers,
but should also include the application of indirect {Ref.7) and two-stege
(Ref. B8) -veporative cooling. Use cf evaporative cooling in sheliers will
result in reduced ventilation requirements as shown in a study by GARD (Ref. 9).
Use of an indirect evaporative cooler alsc will give an  air reduction;
however, the relative humidity of the supply air can be reduced from values
of greater than 90 percent tc values of from 50 to 80 percent. Use of two-
stage evaporative cocling results in a still further reduction of the

ventilation requilrements.
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INTRODUCTION

Evaporative coolers are devices that have potentilal application in shelter
ventllation and coollng equipment systems analysis. Commerclally available
evaporative coolers are the drip-vype, spray-type, and the rotary pad-type
(see Flg. 1). The drip-type evaporstive cooler is the most common, and the
pads are usually made of aspen wood excelsior. According to the Internatlional
Metal Products Division of the McGraw-BEdison Company (Lef. 1), the commerciel
units are deslgned and marketed with 2-inch thick aspen wood pads which have
a density of 0.3 pound per square foot. The alr system 1s nominally rated at
a pad face veloclty of 300 feet per minute and a water recirculation rate ten
times that being evaporated, thus resulting in a saturating effectiveness of
80 percent. The resistance to air flow for these units is a nominal 0.1 inch
water gage.

Since little performance data is avallable for aspen wood excelsior,
this investigation was initiated because it appeared that thes resistance to
ailr flow by aspen wood is considerably less than that for any other medium.

In addition, aspen wecod excelsior is the least expensive medium available for

use in evaporative coolers,

Ref .1~ Henninger, R. H., Private Communication with R. S. Ash, Seplember, 1966.
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TEST APPARATUS AND) PROCEDURES

The apparatus consisted off a test vehic]e; & etoct air t'1ow measuring
station, and a test chamber as shown in Flgure 2. With thls arrangement,
the face velocity through the evaporating pads, thle inlet alr dry and set-
buldb temperatures, the denslty and “hickness of the pads, and the vater
flow tn the pads could be controlled and varied.

Test Vehicle -- The alr supply for thé test chamber was oblained from
the office of Civil Defense (oCh) Test Vehlcle No. 1. The Test Vehlcele is
capuble of supplylng up to 4,600 cfm of air at a predetermined dew-polnt
temperature and a dry-bulb temperatue.

AMr Flow Megsurdng Station <- The design of the air flow measuring

station was Lased on recommendations of the Natlonel Eiectrical Manufacturvers
Assoclatlion, and was fabricated with rigid 12-inch dlameter spiral conduit
duct. Alr r'low rates were measured wiin an J-inch diameter aperture, sharp-
edge, orltice plate across which the dirferentiel statlc pressure was
measured with a manometcr connected to pi-zometer rings as siown in Flgure 2.
The orifice plete was calibrated witi: a pitot tube which was located lour
feet upstream from the orifice. The barometric pressure and dry and wet-bulb
temperatures were recorded before each test to provide for correction of the
air:flow Lo standard air {0.075 pound per cublc root).

Test Chamber «= The test chamber measurecd 4 feet by b feet by 2 feet
and was constructed of 3/i-inch plywood Lo minimize heat exchange with ihe
surrcundings,  The clamber housed the water distribuation system, pads, and
temperature measuring cquipnent. Alr entered the chamber tirough a lé~inch
diameter ducl, To ensure that the race velecelly entering the pad was
unifone, the air was pascea tiirough a r'ine mesi. sereen.  The variation in

in Yace velocity entering the pad ia not exceed + 19 pereent.
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TEST RESULTS AND CONCLUSIONS i

The saturating effectiveness and pad pressure drop for the tests conducted i
are summarized in Figure 3. Both doubling the thickness and doubling the density
of a 2-inch thick pad with a density of 1.5 pounds of aspen wood per cubic foot i
of cell volume (lbs/cu ft) resulted ir a large increase in the saturating effec-
tiveness. Doubling the density, » wever, resulted in a pad pressure drop that

was mcre than three times gthat o a 2-inch, 1.5 lbs/cu [t density pad, while

Gt e

doubling the thickness resulted in a pressure drcp whech was only twice that of
the 2-inch pad. Since the pressure drop of the 2-inch, 3.0 1lhs/cu ft density pad i
is excessive, it is recommended that the use of the data be restricted to either

a 2- or h-inch pad with a density of 1.5 lbs/cu ft. fThe design of a drip-type
unit should : limited to face velocities up to 450 feet per minute, since above
this face velocity, water carry-over ocecurs. The inlet air ary and wet-bulb
temperature does not significantly affect the saturating effectiveness; however,
the quantity of water which is evaporated is funution of the inlet air temperature.

The quantity of water recirculated through the drip-type cocler must exceed five

times the quantity being evapcrateud if the saturaling eftectivenesses shown in

Pigurce 3 arc 1o be achieveo.

PRTEIyp—-

Before a decision can be made as to the merits of drip-type evaporalive
coolers for disposing ¢f' excess heat and humidity in protective shelters, a ;
parametric anu equipment systems analysis should not only evaluate the appli-
cation of ventilators, refrigerating devices and drip-type evapcrative coolers,
but should alsc include tne application of indirect and two-stage evaporative
cooling. Use of evaporative cooiinyg in shelters will result in reduced ventila-

tion requurements as shown in a siudy bty GARD (Rer. 2).

Ref'. 2 - Baschiere, R. J., et. al., "Suelter Forced Ventilation Reguirementc
Using Unconiitiones ALTT, prepared tor the Otftice of Civil Defense
unier Stantera Reszavron Institute Lubeontract Koo B-r 42 L(00W9A-u)-18,
General Americarn Trancportation orperation (GARD Repert 1090), Niles,
Tilinedis, Fecraary, 19/,
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